Understanding the cancer stem cells (CSCs) role in malignancy is based on a comprehensive understanding of normal stem cells role and plasticity in maintaining the normal homeostasis or regeneration in various organ tissues. The niche microenvironment that sustains and regulates stem cells is tightly regulated by physical factors and hormonal signals. In the central nervous system (CNS) malignancy the CSCs niche is deregulated by intrinsic and extrinsic factors, which disrupt the homeostatic balance from quiescence state to proliferation and differentiation that characterized glioblastoma development. Here, we review the role of microenvironment in development of glioblastoma in the dog species as an animal model for human disease for a better understanding of underlined mechanism(s) and possible target therapy for the benefit of both species. A comparative approach to the study of canine glioblastoma provides an excellent animal model for human glioblastoma pathogenesis and development of novel therapies in both species.
which ideally should recapitulate key features of the human disease, be reproducible, and resemble progression kinetics and anti-tumor immune responses of spontaneous GB. Human glioma xenografts implanted in immunocompromised mice are extensively used. However, their xenogeneic nature impairs the study of immunemediated anti-tumor strategies. Syngeneic murine models, such as GL26 mouse glioma cells in C57BL6 mice [4, 5] and CNS1 rat glioma cells in Lewis rats [6] are non-immunogenic. Thus, syngeneic glioma models would be relevant for studying the response of brain tumors to immunotherapy [7] . Molecular and cytogenetic characterization of canine primary brain tumors is advancing rapidly since the publication of the canine genome. Many similarities to human tumors have already been described, relating to chromosomal instability, expression profiles, the presence of stem-like tumor cells, expression of growth factors and their receptors such as EGF, PDGF, VEGF, as well as other markers frequently described in human tumors such as IL-13Rα2, IGFBP2 and telomerase activity [7] . Limited data are available relating to the efficacy of standard therapeutic modalities in canine glioblastomas, and it is likely that some significant differences will be present between human and canine gliomas, as has been described for meningiomas [8] [9] [10] .
In summary, the translational potential of rodent GB models to develop novel therapeutic approaches for human GB is still controversial. Spontaneous glioblastoma in dogs reproduce most typical human glioblastoma characteristics and constitute an excellent large animal model, which could help to better understand the pathogenesis and predict the effectiveness of novel therapeutic approaches in human trials.
Ideally, brain tumor models should be of glial origin, grow in vitro and in vivo with predictable and reproducible growth patterns, have close resemblance in vivo to the histopathology of human glioblastomas, be weakly or non-immunogenic, and ultimately, their progression in vivo should be highly reproducible. Unfortunately, the ideal GB animal model that comprises all of the above features does not exist [10] .
Introduction
The cancer stem cell hypothesis in glioma implies that tumor development, like normal tissue development, relied on a unique subset of tumor cells (CSCs) with the ability to self-renew and multilineage differentiation which constitute the tumor mass. Recent evidence generated from studies in solid tumors demonstrated that CSCs reside in a niche. This hypothesis derives from reports on normal stem cells from various tissues, showing that stem cells exist within protective niches that are composed of a number of differentiated cell types [1, 2] . This cellular microenvironment provides direct cell contacts and secreted factors that maintain stem cells in a quiescent state. Histological observations of rodent tissues suggest that neural stem cells lie within a vascular niche in which endothelial cells regulate stem cell self-renewal. In glioblastoma (GB) it is hypothesized that vascular endothelial cells provide such a niche for the CSCs similar to the situation with normal neuronal stem cells [3] .
The study of tumorigenesis and the evaluation of new therapies for GB require accurate and reproducible brain tumor animal models, animals. Recent reports also demonstrate the similarity between human and dog GBM and emphasize the importance of studying dog spontaneous brain tumors in order to elucidate the mechanism(s) of tumor dispersal, post surgical reoccurrence and resistance to therapy [11, [13] [14] [15] .
Normal Stem Cell Homeostasis
Adult mammalian tissues are diverse in regard to their structure and functions that need continuously to adapt to survive and growth by maintaining a proper regulated homeostatic microenvironment. This microenvironment is regulated at the cellular level by the so call stem cells (SCs) that populate every tissue. However, turnover rate of SC is not the same in every tissue, some like skin, intestine have a greater rate of replication then liver, muscle or kidney with barely detectable rate of proliferation. Fallowing pathological conditions, SCs reverse rapidly to proliferating mode to regenerate the loss tissue and reverse to normal homeostatic environment in the tissue affected [16] . Tissue repair can be achieved also by dedifferentiation alone in the absence of a reserve stem cell population. Differentiation cells are able to generate cycling progenitors of a different lineage. For example, in the central nervous system (CNS) following vascular stroke in mouse brain, lineage tracing provides evidence for differentiated astrocytes generating proliferating neuroblasts, supplementing neuroblasts derived from mobilized neural SCs in the SVZ which have migrated into the zone of injury ( Figure 1 ) [7, 16] .
Consequently, we defined the SCs as a cell population that maintain long-term tissue turnover and contribute to tissue repair after injury. The plasticity of SCs might extend to differentiating cells, which in pathological conditions are capable of reverting to stemness condition.
Significance of Niche in Maintaining Stem Cells
The SCs resides in a specific functional environment call niche, the microenvironment that regulates stem cells by physical factors and hormonal signals. In rodent and human brain adult neural SCs are found in the subventricular zone (SVZ) lining the lateral ventricles and in the dentate gyrus (DG) of the hippocampus in a quiescent state. SCs are capable of both asymmetric and symmetric divisions generating two SCs or two differentiating astroglial or neural progenitor daughters [17] . After division, some SCs return to a quiescent state, negative for proliferation markers, paralleling the transition between dormant and active states seen in hematopoietic SCs. Paracrine niche signals also regulate neural SCs in the SVZ, which extend cellular processes into the cerebrospinal fluid (CSF) that fills the ventricles and forms contacts with underlying endothelial cells [18, 19] . These contacts allow regulation of neural SCs via both secreted factors in the CSF and signals from the vasculature. For example, endothelium-derived Ntf3 and G protein-coupled receptor ligands in the CSF promote SC quiescence [19, 20] .
The nervous system homeostatic microenvironment plays an essential role in systemic physiological SC regulation. This concept was demonstrated first in hematopoietic stem cell (HSC), in chronic physiological stress induces increased levels of leucocytes, as a proof of concept. This effect is mediated by noradrenaline release from sympathetic neurons in the bone marrow, which decreases production of Cxcl12 in niche cells triggering HSC proliferation [21] . Understanding how neural, endocrine and cytokine signals regulate cell production to meet the requirements of an organism is a key challenge for SC research.
In summary tissues with a low rate of turnover, in rodent and human brains, believed to be post-mitotic, continue to proliferate new neurons throughout life, which contribute to specific forms of learning and memory and responding to stress [22] [23] [24] [25] .
Niche and Cancer Stem Cells (CSc) in Glioma Development in Animal Models
There is a general acceptance in the field of oncology that CSCs in solid tumors reside in a niche. This hypothesis derives from reports on normal stem cells from various tissues, showing that stem cells exist within protective niches that are composed of a number of differentiated cell types [1, 2] . This cellular microenvironment provides direct cell contacts and secreted factors that maintain stem cells in a quiescent state. Histological observations of rodent, and monkey tissues suggest that neural stem cells lie within a vascular niche (angiogenic niche) in which endothelial cells regulate stem cell self-renewal. In gliomas it is hypothesized that vascular endothelial cells provide such a niche for the glioma CSCs similar to the situation with normal neuronal stem cells [3, 16, 26] .
The cancer stem cell hypothesis implies that tumors contain a minority of cells with stem-like properties, which have the ability to self-renew and sustain the growth of the tumor [27] . Tumor stem cells were first identified in hematopoietic malignancies, and more recently were also demonstrated in various solid tumors, including tumors of the brain such as glioblastomas, medulloblastomas and ependymomas [15, [28] [29] [30] . Brain tumor stem cells in gliomas are defined by (i) the capacity to self-renew, (ii) the ability to initiate brain tumors upon orthotopic implantation and (iii) multipotency, that is, the capacity to differentiate into cells with a neuronal, astrocytic, or oligodendroglial phenotype [31, 32] . However, multilineage differentiation is not a requirement of the CSC. It is more important that CSCs regenerate the cell types observed in the original tumor [33] . In addition, brain tumor stem cells are characterized by the expression of neural stem cell antigens and the ability to grow as nonadherent spheres termed neurospheres when cultured in the presence of epidermal growth factor (EGF) and fibroblast growth factor (FGF) under serum-free conditions. However, not all the neurospheres arise from stem cells, finding that negatively impacts on the idea that sphere forming assays are a functional unique assay for detecting in vivo stem cells. Sphereforming assays evaluate the potential of a cell to behave as a stem cell when removed from its in vivo niche [34] . Neurospheres are composed of stem cells in small numbers, progenitors and differentiated cells constitute the majority. Consequently, neurosphere assay cannot be used alone to define the in vivo stem cells. Thus, stem-like cells in brain tumors share many characteristics with normal neural stem cells, supporting the hypothesis that brain tumors can arise from neural stem or progenitor cells [32] . Recent studies further show that glioblastoma cells cultured under neural stem cell conditions can display heterogeneous growth characteristics and molecular profiles, suggesting that they may either arise from different cell types or from similar cells that have acquired different genetic alterations [35] . Whether CSCs arise from normal stem cells, progenitor cells, or differentiated cells is still a contentious issue at the present time. Nevertheless, CSCs in gliomas express CD133 and nestin that mark neural and progenitor cells [28] . The factors governing glioblastoma cell differentiation and migratory potential, and therefore tumor phenotype, are not completely understood. On the basis of gene expression profiling and by neurobiological criteria, two subtypes were identified recently among human glioblastoma cultures established under neural stem cell conditions. One cluster of CSCs expressed neurodevelopmental genes and displayed a full stem-like phenotype. The second cluster displayed an expression signature for extracellular matrix-(ECM)-related genes and only a restricted stemlike phenotype, fulfilling only in part the criteria considered typical of glioblastoma stem cells [36] . Whether these differences reflect variations in stem-like cells present between individual glioblastomas and/or distinct emerging lineages remains to be established.
Significance of Homeostatic Environment in Dog Glioblastoma Development
Increased life expectancy of companion animals and improvements in veterinary medical practice has led to an increase incidence of cancer, one of the main causes of death in dogs and cats [13, 14] . Of the domesticated animal species, most examples are seen in dogs, with much lower occurrence in other species. Intracranial neoplasia occurs more frequently in dogs than in humans [37] .
Canine intracranial glioblastoma occurs most commonly in brachycephalic breeds, in particular the Boxer and Boston terrier. No sex predilection has been reported and they are recognized with greater incidence in animals over 6 years of age. Clinical signs caused by gliomas may vary with tumor location, and neurological deficits reflect direct nervous tissue involvement as well as secondary effects of peritumor edema, necrosis, hemorrhage, compression, herniation, or obstructive hydrocephalus. Cerebrospinal fluid findings in animals with astrocytoma are usually non-specific and include increased protein concentration and mixed-cell pleocytosis that reflect disturbance of the blood-brain-barrier. Computed tomography (CT) and magnetic resonance imaging are routinely available to veterinary practitioners for diagnosis and localization of intracranial lesions. Computed tomographic characteristics of some canine brain tumors have been reported to be similar to those in humans [38, 39] .
Glioblastoma multiforme (GBM), grade IV [40] is the most common and lethal primary malignant brain tumor in human and dog. The highest incidence (30%) of this tumor occurs in the Boxer [41] . Despite progress in research on the molecular aspects of GBMs, the prognosis of these brain tumors continues to be dismal in humans and animal species. One reason for the lack of clinical advances is ignorance of the cellular origin of this disease and lack of understanding of the mechanisms of glioma cell migration and dispersal, which delays the application of molecular analyses to treatment and impairs anticipation of tumor biological behavior. The CSCs as the cell of origin and their contribution in glioblastoma development and tumor invasion is complex and controversial. In a recent seminal review article, Wabik et al. mentioned the role in tissue repair of SCs in the mouse brain following vascular stroke when astrocytes mobilized at the site of injury and generate proliferating neuroblasts [16] . This finding implies that astrocytes and other neural cells in specific pathological conditions can dedifferentiate and participate in tissue repair and potentially in CNS tumor development. In case of brain injury of any etiology the SCs participating in tissue repair process can accumulate genetic and epigenetic mutations, which could favor glioblastoma development. In animal and human CNS tumors can develop in various anatomic locations some at distant from SVZ, the site of SCs origin. This implies that cells of origin for glioblastoma can have different origin raising the hypothesis involving other neurogenic cells, which under specific conditions, can reverse to the stemness status and participate in tumor development.
Glioblastoma is a nonmetastatic tumor, but highly locally invasive, diffusely disseminating into the brain parenchyma and possessing cancerous cells outside the margin of therapeutic intervention [40] [41] [42] [43] . The GBM infiltrative path into the normal brain is not random; it often follows white matter tracts and extends along perivascular spaces, the glial limitans externa and the subependyma. Their diffuse infiltration suggests the activation of genetic and cellular programs that distinguish them from cells in the tumor core. Additionally, migrating tumor cells may activate the host brain microenvironment to facilitate tumor dispersal.
A recent report demonstrated that GBM isolated from a Boxer dog (D-GBM) has cells with phenotypical characteristics of CSCs. The intracranial tumor was located within the brain lateral ventricle, anatomical location, which intuitively implied that the CSCs in this case originated from SVZ zone. As a proof of concept, this cell line's morphophenotype expressed cell markers such as nestin and CD133. CSCs demonstrated glial and neuronal differentiation when exposed to differentiation growth factors in vitro. An intracranial orthotopic model using nude mice was utilized for in vivo evaluation of D-GBM tumorigenicity. Immunohistochemistry results of nude mouse xenografts also demonstrated glial and neuronal differentiation. These data also demonstrate the similarity between human and dog GBM and emphasize the importance of studying dog spontaneous brain tumors in order to elucidate the mechanism(s) of tumor dispersal, post surgical reoccurrence, and resistance to therapy [15] .
Glioblastoma invasion is a combination of the ability of CSCs to migrate and their ability to modulate the extracellular matrix (ECM). The ECM of the brain is distinct from the ECM of most organs, being ill defined and scant. The matrix consists primarily of hyaluronic acid, except for the areas around the vessels and the pial surface (glial limitans) where there is well-defined basal lamina that include collagen. Glioma cell invasion preferentially involves the perivascular and subpial spaces, where basal lamina is well-defined, but also involves perineuronal and white matter locations in which the ECM is ill-defined.
Cancer stem cell migration in gliomas is a multifactorial event regulated by the interrelation between a minority of tumor cells with stem cell-like properties and the host microenvironment. Cellular heterogeneity, necrosis and neovascularization constitute the morphological phenotype that characterizes gliomas. Necrosis and angiogenesis in gliomas, occurs in a hypoxic environment. A working hypothesis that links tumor hypoxia, necrosis and angiogenesis Neural SC responses to stroke. Following a CNS stroke, which results in cell death due to ischemia, clusters of neuroblasts (orange) appears in the injured region. Lineage tracing argues these derive both from mobilization of neural SCs from the SVZ followed by migration to the site of injury (orange with green border) and from differentiated astrocytes within the area of the stroke entering a neurogenic programme (orange with red borders) [16] .
appears to emerge in glioblastoma.
GBM is one of the most lethal primary brain tumors in human and animal species. This tumor is comprised of a phenotypically heterogeneous cell population [15, 41, 42] . The mechanisms responsible for the GBM heterogeneity and the ability of tumor cells to migrate into the brain parenchyma are incompletely understood. Localized hypoxia appears to upregulate migration-associated genes, leading to migration of tumor cells away from a central hypoxic center. Necrosis is a central feature of the highest-grade malignant gliomas. No histological feature is more powerful in predicting poor prognosis [40, 42] . There is a vicious cycle involving necrosisinduced hypoxia and various angiogenic and growth factors that combine to foster the highly malignant state of glioblastoma. In the setting of rapidly dividing cells with high metabolic demands, small regions of necrosis may develop in areas where metabolic demands exceed supply. Another recently suggested possibility is that in response to hypoxia, small clones of tumor cells acquire molecular characteristics that encourage more active migration, thus clearing a central region more susceptible to necrosis. This hypothesis is based on work showing that glioblastoma tumor cells surrounding necrotic centers (pseudopalisades) are less proliferative and more apoptotic than adjacent cells [43] . These perinecrotic cells also express hypoxiainducible genes, such as hypoxia-inducible factor 1 alpha (HIF-1α), and in vitro studies have demonstrated that hypoxia increases cellular migration and gelatinase activity [44, 45] . Hypoxic cell death may lead to the release of growth factors from the dying cells, and some growth factors may remain intact within the necrotic zones. More importantly, hypoxia may allow the emergence of resistant and thus high malignant clones of tumor cells. When selected molecules that are preferentially expressed in palisading cells are used as prognostic markers in glioblastomas, they correlate with shorter patient survival [46] . This supports the notion that these perinecrotic regions are zones in which more malignant clones are actively selected. In addition, the interactions between hypoxia, necrosis, upregulation of growth factors, and selection of malignant clones might provide an explanation for the marked histological heterogeneity noted in glioblastomas and a possible explanation for the marked resistance to conventional cytotoxic therapies seen in clinical patients with glioblastoma ( Figure 2 ) [40] . Clonal evolution and CSCs models are not mutually exclusive but rather co-exist and complement each other in glioblastoma [14] .
The main challenge presented by gliomas is the tendency of the malignant cells to invade the adjacent normal brain tissue. Extracellular matrix (ECM) degrading proteases are extremely important in mediating gliomas invasiveness [47, 48] . The cellular heterogeneity of gliomas indicates that they use different cell-surface receptors for their migration, probably depending on the available cell substrate. Several ECM components and their receptors have been shown to have an important role in glioma-cell migration and invasion. Serine, cysteine and metallo-proteinases (MMP) have important roles with regard to brain tumors, as well as other types of cancer. The remarkable similarities between these proteases include the fact that their level of expression is significantly increased in most cancers, they are present at the leading edge of the tumour and they are prognostically significant during tumour progression. Some evidence exists for the coordination of proteolysis across protease families. Proteolytic cleavage of adherent ECM proteins can indirectly stimulate cells to produce other proteases through changes in the interaction (affinity or avidity) of integrins with the substrate after cleavage. For example, serine protease urokinase-type plasminogen activator (uPA) has been shown to increase MMP activity indirectly through the interactions of its receptor uPAR with integrin receptors [47, 49] . Furthermore, interactions between integrins expressed by glioma cells and the ECM, and the activity of MMPs, form the basis for glioma-cell migration and invasion [50] . As such, the net proteolytic, and therefore invasive, potential of a given tumour cell might depend on the interplay between many enzymes [47] .
Tumor progression leading to metastasis or invasion appears to involve equipping cancer cells with the appropriate adhesive (integrin) phenotype for interaction with the ECM. The integrins constitute a family of transmembrane receptor proteins composed of heterodimeric complexes of noncovalently linked alpha and beta chains. Integrins function in cell-to-cell and cell-to-ECM adhesive interactions and transduce signals from the ECM to the cell interior and vice versa. Previous studies reported the expression of various integrins in brain tumors [51, 52] . There have been few investigations of the expression of vβ5 and αvβ3 in gliomas. Few data are available regarding the relationship between the expression of these integrins angiogenesis and invasion in this type of tumor. Two αv integrins, αvβ3 and αvβ5, are necessary for cytokine-or tumor-induced angiogenesis. They mediate two distinct pathways of angiogenesis expression of αvβ3 is required for fibroblast growth factor 2 (FGF-2) and tumor necrosis factor α-induced angiogenesis. The integrin αvβ5 is required for VEGF-and transforming growth factor β-induced angiogenesis [53] . Hypoxia has been reported to stimulate expression of integrins αvβ3 and αvβ5 in retinal microvascular endothelial cells and to inhibit expression of integrin β1. The hypoxic induction of the αv integrin is partially mediated through VEGF induction in an autocrine-paracrine manner [54] . The angiogenic integrins have been reported to not only mediate vascular cell migration but also to regulate metalloproteinase activity and cell proliferation. These specific increases in the tumor cellular integrin expression may contribute to neovascularization and invasion observed in dog glioblastomas. The results from our lab of integrins expression are illustrated in figure 3 [15] .
The intracranial brain tumors developed in a rich neuroendocrine stimulatory/inhibitory homeostatic environment that could participate directly or indirectly in the development and migratory potential of glioblastomas. Recent reports begin to recognize the role of neurotransmitters in regulating tumor phenotypes. A recent Science article reported the potential role of parasympathetic cholinergic fibers in prostate cancer tumor dissemination [55] .
A recent report highlights the importance of the nerve elements in the tumor microenvironment [56] . This report underlines that neurotransmitters, such as dopamine, are required for glioblastoma growth and provides one explanation for its unusual phenotype. An intriguing issue in glioblastoma therapeutic development involved the observation that while Epidermal Growth Factor Receptor (EGFR) deregulation is critically important in the pathogenesis of glioblastomas [57] , EGFR inhibitors are clinically ineffective [58] . The cross-signaling between dopamine receptor DRD2 and EGFR offers an explanation for the poor clinical efficacy of inhibitors of receptor tyrosine kinases such as EGFR. It is suggested that during glioblastoma pathogenesis, EGFR re-wired the molecular circuitry of the astrocyte as to "hijack" the neurotransmitter-mitogenic signaling axis [59] . Consequently, the high concentrations of neurotransmitter in the CNS signal to effector molecules downstream of EGFR, thereby bypassing the need for EGFR activation.
Considering dopamine roles in reward systems in the brain, emotion, and personality traits, raises the possibility that personality and emotion may impact the risk of glioma development or growth through modulation of dopamine release. Interestingly, studies have related cancer risks to personality types [56, 60] . Therapeutic synergy between an EGFR inhibitor and a DRD2 antagonist, haloperidol, against glioblastomas using independent models have suggested that patients undergoing antipsychotic therapy are less likely to suffer from brain cancer [61] . It is hypothesize that non-CNS microenvironment may not possess the level of neurotransmitters required to sustain glioblastoma growth. In this context, drugs that modulate neurotransmitter function warrant consideration as antineoplastic agents in glioblastoma.
Conclusions
Multiple autocrine/paracrine signaling systems are involved in the development, maintenance and invasion of glioblastoma. Invasion of grade IV glioblastoma usually follows white matter tracts and extends along perivascular spaces, the glial limitans externa, and the subependyma, which implicates scaffolding mechanical plasticity necessary for cell motility. This histological observation suggests that normal brain tissues, which surround the glioma, are significantly important in tumor development and progression. Consequently, invasive glioma cells receive paracrine signals from the proximity of normal cells encountered in their tracts, which support tumor invasion. Interaction of tumor cells with the peritumoral tissues could result in severe disruption of brain homeostasis.
The interconnection between CSC and homeostatic microenvironment is of significant clinical importance for better understanding of failing therapeutic approaches in glioblastoma treatment in human and dog species. Therapeutic modalities of targeting CSCs in glioblastoma might not be sufficient to eradicate the tumor or increase the survival time of affected patients. A combine therapeutic modality involving suppression of CSC development and annihilation of the negative brain microenvironment response to tumor invasion might be an optimal approach to glioblastoma treatment. Given the relative high incidence and similarity of glioblastoma in dog specie with human counterpart it might provide an excellent animal model for understanding the mechanism(s) of glioma and development of novel therapeutic paradigms.
